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1 Introduction
It has been found that the coupling correction is crucial to emittance preservation through the Ring
To Main Linac (RTML) section of the International Linear Collider (ILC) [6]. This is principally due to
incomplete removing of coupling introduced in the spin rotator. A coupling correction station should then
be positioned somewhere downstream of this section. In this study, performance of the proposed ILC
coupling correction scheme is investigated in real-world situations that may be present in the machine.
2 Coupling Measurement and Correction Scheme in the ILC
Crucial to emittance preservation is the skew correction which removes any twisting or coupling of the
transverse phase space coordinates. The net vertical emittance after twisting the beam by an angle φ is
given by [1]
2y = 
2
x0
sin4 φ + 2y0 cos
4 φ + x0y0 cos
2 φ sin2 φ (βxγy − 2αxαy + βyγx) (1)
where βx,y, αx.y, γx,y and x0,y0 are the beam twiss parameters and initial beam emittances. For equal
horizontal and vertical twiss parameters this reduces to
y
y0
=
x0
y0
sin2 φ + cos2 φ. (2)
Since in the ILC the horizontal emittance is a factor of 400 greater than the vertical, even a 5 degree
rotation results in a 400% increase in vertical emittance and yet the total allowable emittance growth for
the ILC is 20 nm or 100% growth. Therefore, any slight coupling can have dramatic effects on vertical
emittance growth. The coupling of the beam is parameterized using the 4-dimensional sigma matrix, Σ,
which is defined in terms of the second-order moments of the phase space distribution of particles as
Σij ≡ 〈xixj〉 (3)
=


〈x2〉 〈xx′〉 〈xy〉 〈xy′〉
〈xx′〉 〈x′2〉 〈x′y〉 〈x′y′〉
〈xy〉 〈x′y〉 〈y2〉 〈yy′〉
〈xy′〉 〈x′y′〉 〈yy′〉 〈y′2〉

 (4)
where i and j run over the four phase space coordinates x, x′, y and y′. The beam sizes, σx and σy , are
given by
σx =
√
σ11x =
√
〈xx〉 (5)
σy =
√
σ11y =
√
〈yy〉. (6)
Any nonzero sigma matrix terms involving both the x and y phase spaces will be the result of transverse
coupling.
The decoupling of the beam, or skew correction, is performed using four skew quadrupoles that
correct the four coupling parameters < xy >, < x′y >, < xy′ > and < x′y′ >. The correction relies on
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Figure 1: The layout for a skew correction station.
the skew quadrupoles in a FODO lattice with phase advances of ∆φx = ∆φy =
pi
2
between the first two
quadrupoles, ∆φx = pi, ∆φy =
pi
2
between the second and third and ∆φx = ∆φy =
pi
2
between the third
and fourth [12]. This is illustrated in figure 1. If the x and y beta function ratios are the same at all four
skew quadrupoles then this skew correction station can efficiently zero the four components of transverse
coupling of a beam.
In order to tune out the transverse coupling, the beam coupling and/or emittance must be measured
at some point downstream of the correction. The method used in the ILC is either a 2D or 4D emittance
measurement taken from the NLC design [12]. The 2D measurement only measures the projected x and
y twiss parameters and not the coupling parameters. Such a section is useful for regions of the machine
where transverse coupling is not a concern. However, since coupling does effect the projected emittance,
a 2D measurement can also be used to tune out coupling. In this type of measurement, a collection of
wire scanners are used where the optimal phase advance between the scanners is pi
N
for N wire scanners.
The wire scanners in this case consist of one vertically and one horizontally oriented. With three wire
stations phased pi
3
apart then there are six measurements and the six unknowns, , β and α in x and
y, can be found. The 2D emittance measurement station will actually use 4 wire scanners phased by pi
4
apart. This allows for some redundancy in the measurement.
The twiss parameters are calculated from the beam size, or < xx > and < yy >, measurements
performed by the 4 wire scanner stations. The relation between the < xx > measurements at two wire
scanners, referred to as σ11
1
at the first wire scanner and σ11
2
at the second, can be found using the transfer
matrix between the two wire scanners as
〈xx〉2 = 〈xx〉1R
2
11 + 2〈xx
′〉1R11R12 + 〈x
′x′〉1R
2
12 (7)
σ112 = σ
11
1 R
2
11 + 2σ
12
1 R11R12 + σ
22
1 R
2
12. (8)
If < xx > is measured at three wire scanners then the full 2D sigma matrix can be found at one of the
wire scanners by solving the three equations describing the transport between the three wires:
σ
11
1
σ11
2
σ333

 =

 1 0 0(R12
11
)2 2R12
11
R12
12
(R12
12
)2
(R1311)
2 2R1311R
13
12 (R
13
12)
2

 ·

σ
11
1
σ12
1
σ221

 . (9)
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Figure 2: The layout for a 4D emittance measurement station.
By inverting the matrix, the sigma terms σ11
1
, σ12
1
and σ22
1
can be found. Then using the definition of the
twiss parameters,
σ11 = β (10)
σ12 = −α (11)
σ22 = 
1 + α2
β
, (12)
, α, and β can be found at one of the wire scanners. Crucial to the performance of this measurement is
that the transfer matrices can be accurately known. Betatron phasing errors will be a source of error in
the measurement. Note, however, that the beta functions do not have to be equal at the wire scanners,
but due to technical considerations for the ILC laser wire scanners, the minimum beam size at any scanner
should not be less than 3 microns [11]. There are also other technical limitations to the measurement of
beam size with a laser wire scanner [7].
The more sophisticated 4D emittance measurement can be used to measure the full 4-dimensional
sigma matrix. In this measurement, four wires are phased similarly to the skew quadrupoles described
above to measure the same four coupling parameters. These wires, however, are not sufficient to measure
the twiss parameters so at least a fifth wire must be added. The general layout of a 4D emittance
measurement is given in Figure 2. The first four wire scanners are for the coupling measurement and
the last three are for the twiss parameters. One significant drawback of the particular system shown
here is that the twiss measurements are dependent on the second from last wire scanner. This is the
only scanner that isn’t either pi or pi
2
in phase from the others. This introduces potential measurement
errors. This configuration happens to be for the full 4D emittance measurement in the RTML from the
baseline configuration as of August 2006. Since then there have been modifications to fix it’s drawbacks.
Nevertheless, this gives the general layout of such a system and it was used in the analysis in this report.
With these wires a total of 6 + 4 = 10 parameters can be found, αx,y, βx,y, x,y, 〈xy〉, 〈x
′y〉, 〈xy′〉 and
〈x′y′〉. The sigma matrix is fully described by these parameters.
The twiss measurement is similar to that described above for the 2D measurement. The coupling
measurement utilizes three wires at each station, one vertical, one horizontal and one at some other angle.
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Figure 3: The wire scanners contain three wires one along x,y, and v. These wires will measure the beam
profile along three axis.
The combination of these three wires allows for the measurement of 〈xx〉, 〈yy〉 and 〈xy〉.
The angled wire measures the beam size along a skewed axis. This skewed axis is essentially a 〈xx〉
measurement for a different frame of reference where one of the axis lies along wire. This is illustrated
in figure 3 where the off-axis lines are the uv frame. Note that the actual u wire is perpendicular to the
u axis. A simple rotation matrix then relates the sigma matrix for the skewed basis to the xy basis:
Σuv =
(
cos θ sin θ
− sin θ cos θ
)
· Σxy ·
(
cos θ − sin θ
sin θ cos θ
)
(13)
where θ is the angle of the skewed wire. Expanding this for the σ11uv term yields
σ11uv = σ
11
xy cos
2 θ + σ22xy sin
2 θ + 2σ12xy sin θ cos θ. (14)
Now solving for the 〈xy〉 coupling term begets
< xy >= σ12xy =
σ11uv − σ
11
xy cos
2 θ − σ22xy sin
2 θ
2 sin θ cos θ
. (15)
With the methods described above an emittance measurement station composed of wire scanners
can be used to obtain crucial information about the beam profile. This information can be used not only
for the coupling correction but also for correcting the beta functions and emittance of the beam.
3 Coupling Correction Method
The initial RTML design called for only one coupling correction section immediately following the Damp-
ing Ring as illustrated in figure 4. The logic being that this one section could correct coupling from
both the damping ring and any sources that may be in the RTML. Using the coupling and emittance
measurement stations as discussed in section 2 and the lattice illustrated in figure 4, a coupling correction
method was developed. The first attempt was to create a set of orthogonal knobs where one knob, being
a linear combination of the four skew quadrupoles, would only alter one of the four wire scanners that
measure the coupling terms. This was found to not be possible. The affect on each wire scanner due to
each skew quadrupole is a function of the intermediate coupling between the two. This is illustrated in
figure 5. The nonlinearity of the response is clearly evident in wires #2 and #4. The only way to create
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Figure 4: Initial coupling correction layout in the RTML.
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Figure 5: In this exercise, the “before” curves are the responses on each wire due to the strength of skew
quadrupole #1 for a perfectly aligned lattice. The “after” curves are after an intermediate quadrupole
was tilted resulting in intermediate coupling.
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Figure 6: Emittance preservation along the turnaround and spin rotator after performing 1-1, BA,
dispersion bumps and coupling correction using the original RTML layout.
orthogonal knobs would be to know the intermediate coupling and even then the orthogonality condition
would be a non-linear function of the intermediate coupling.
It was also investigated if simple scans of the quadrupoles would work. This would be performed by
sweeping each skew quadrupole and then zeroing the coupling parameter measured on each wire scanner
in an iterative fashion. Again, the nonlinearity of the problem inhibits this simple method from working.
These problems stem from the skew quadrupoles being located far from the wire scanners as will be
discussed below.
Ultimately, a non-linear optimizer was found to be necessary to perform the decoupling. Levenburg-
Marquardt was used because it is readily available in TAO and relatively quick. A total of four variables
and four data points where used: the four skew quadrupole strengths and the four 〈xy〉 coupling terms
on the wire scanners. The Levenburg-Marquardt response matrix is calculated using realistic response
data from the misaligned lattice and then iterated 10 times. Finding the response matrix and the 10 step
iteration is repeated twice more before the correction is completed to ensure convergence. This method
was found to decouple the beam exceedingly well. The beam always completely decouple within the
precision of the measurement.
Simulations were then carried out integrating the skew correction with the standard BBA emit-
tance preservation methods. The order of corrections performed was 1-1, Ballistic Alignment or Kick
Minimization, dispersion bumps and then the coupling correction. The performance is shown in figure 6
for BA and figure 7 for KM averaged over 100 seeds. The two towers seen in the emittance plots are due
to the Emma rotators in the spin rotator where the beam is highly coupled. Kick Minimization does not
perform well. It is believed this is due to the specific implementation of KM used here in the program
ILCv [4]. Other studies have shown Kick Minimization to perform much better in this section of the
RTML [6, 3]. There are two principle difference between ILCv’s KM method and these:
1. ILCv’s KM method is only performed in one dimension, the vertical. Due to the large coupling, a
two dimensional KM should be performed.
2. ILCv’s KM method is sequential, minimizing each quadrupole separately then moving on to the
next quadrupole. In Lucretia and SLEPT, where the other studies were performed, a merit function
and optimizer is used to iterate down to a solution.
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Figure 7: Emittance preservation along the turnaround and spin rotator after performing 1-1, KM,
dispersion bumps and coupling correction using the original RTML layout.
Due to these limitations and lack of time to re-implement the method, Ballistic Alignment was used as a
suitable alternative. BA was found to perform at roughly comparable levels to the preferred KM method
with 22 nm mean residual growth versus 23 nm in the other studies [6]. The results of adding in the
dispersion bumps are slightly worse at 9.4 nm growth in these studies versus 7.61 nm in SLEPT and
Lucretia. This discrepancy has not been investigated. It may be slightly due to the solenoid strength
error which was included here and partly due to ILCv performing the dispersion bumps a fixed number
of iterations (3 each) versus iterating until convergences as in SLEPT and Lucretia.
It should be noted that most of the emittance preservation is due solely to the dispersion bumps.
Figure 7 gives the results skipping the BA or KM step. Here, the final emittance growth is 11.3 nm –
less than 2 nm worse than including BA.
The coupling correction clearly does not improve the emittance. The problem with the coupling
as it stands is that the correction is applied at the beginning of the lattice whereas the measurement is
performed at the end – in effect, a global-like coupling correction. By itself, this is no problem and the
beam will always decouple at the wire scanners. However, the process of decoupling the beam adjusts
the skew quadrupoles near the beginning of the lattice resulting in orbit deflections and changes in the
dispersion along the entire length. This in turn conflicts with the dispersion bump correction which is
also a global correction. In many seeds, a good solution can be found by iterating between coupling
correction and dispersion bumps, but in others seeds, they work against each other and either the beam
becomes decoupled or emittance is minimized, but not both. It was also found that in certain seeds
horizontal dispersion increase due to horizontal misalignments would dramatically increase the vertical
emittance growth due to the coupling. Using the horizontal dispersion bumps along with the vertical was
found to mitigate this problem. Nevertheless, the coupling correction was still found to be problematic.
The ultimate solution to the problem was to decouple the two corrections by moving the skew
quadrupoles directly upstream of the wire scanners. A new lattice was created where a new coupling
correction station identical to the initial was placed right in front of the 4D emittance measurement
station. The new results are shown in figure 9. It was also found that in this new configuration simple
skew quadrupole scans work very well in decoupling the beam. This method simply scans each skew
quadrupole and minimizes the wire scanners iteratively. Three iterations through all four wire scanners
was enough to decouple the beam in all seeds and many times, less iterations were sufficient. The clean
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Figure 8: Emittance preservation along the turnaround and spin rotator after performing 1-1 and dis-
persion bumps, ignoring the BA or KM step using the original RTML layout.
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Figure 9: Emittance preservation along the turnaround and spin rotator after performing 1-1, BA and
dispersion bumps after moving the coupling correction station to immediately upstream of the wire
scanners.
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Figure 10: Emittance growth after zeroing energy spread and applying the coupling correction while
optimizing off of coupling parameters, 〈xy〉.
decoupling affect of each of the four skew quadrupoles can be seen in figure 9 by the stepped decrease in
the emittance near the end of the line.
4 Tuning off the 〈yy〉 terms
Previous analysis has shown that measuring the normal-mode emittance from a 4D emittance measure-
ment station can be problematic [10]. This method takes the 10 measurements from the 4D emittance
station to reconstruct the sigma matrix. This matrix is then diagonalized to find the normal mode emit-
tances. It was found that when the beam size measurement errors were more than a few percent the
measurement becomes imprecise and the mean computed value becomes smaller than the actual beam
emittance. The projected emittance as calculated from a 2D measurement was found to be much more
robust in the presence of measurement errors. It is also possible, at least in principle, to minimize the
coupling simply by measuring the vertical beam size and so there is no need to measure the coupling
parameters. Due to these two arguments, there is no need to perform a full 4D emittance measurement
and design changes in the RTML call for only performing a 2D measurement.
In a effort to determine if the 〈xy〉 terms are required to decouple the beam an analysis was
performed to compare the results in the above section to when only the vertical beam size terms, 〈yy〉,
are measured. In order to eliminate all sources of emittance growth other than coupling, the energy spread
was zeroed in this study. All standard misalignments are still included so that all sources of coupling
remain. Figure 10 gives the results after optimizing off of the 4 coupling parameters and performs very
well like was shown in figure 9. To test the performance of the coupling correction while optimizing off
of the vertical beam size, all conditions as in figure 10 were kept the same except now the optimizer used
the vertical beam size, 〈yy〉, at each of the same four wire scanners. The results are given in figure 11.
Performance is much poorer. These results are in the absence of measurement errors or other sources of
emittance growth. With these added in, the performance would only be worse. In principle, optimizing
off of the vertical beam size should work, it just appears to be much more difficult. The vertical beam
size has a much more complex function space than the coupling parameters and so the optimizer must
work harder to find the global minimum. Levenburg-Marquardt is not always optimum when there is a
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Figure 11: Emittance growth after zeroing energy spread and applying the coupling correction while
optimizing off of the vertical beam size, 〈yy〉.
very complex function space with many local minimums. There are other more general optimizers that
will attempt to find global minimums. One such optimizer is Differential Evolution of Storn and Price [5]
which works well but can be very slow. This optimizer was not found to perform better in decoupling
the beam. Using simple scans instead of the optimizer was likewise not found to improve the situation.
It has yet to be tested if using the actual projected emittance measurement, instead of the vertical beam
size readings, would improve the performance. Other studies have found the projected emittance to be a
capable measurement to use when decoupling the beam [11].
5 Wire Scanner Measurement Errors
The above studies used perfect wire scanner measurements. Using a similar analysis as in the previous
section where the energy spread is zeroed, the effects of wire scanner measurement errors on the coupling
correction were analyzed. Both wire angle errors and measurement precision were examined.
Figure 12 gives the measurement precision error. The error is a percentage error of each of the
three measurements at each station (〈xx〉, 〈yy〉 and 〈uu〉). An error of about 3% is acceptable with little
degradation in performance. This study was carried out while using skew quadrupole scans to zero the
coupling. By sweeping each quadrupole and measuring the response on a wire scanner at several different
quadrupole strengths the errors of each individual measurement is minimized by fitting a function to
the curve. The curve is then used to find the appropriate strength to minimize the coupling parameter.
Using the Levenburg-Marquardt method to perform the decoupling results in poorer performance because
Levenburg-Marquardt cannot take into account measurement errors which tend to confuse the optimizer.
Given the simplicity of performing sweeps and that it performs admirably in the new coupling correction
configuration, this method is preferred.
There can also be an error on the angle of each wire. The effect of this error is shown in figure 13.
In this plot, each of the three wires has a separate angle error whose RMS is equal to the value on
the horizontal axis. An error of about 2 degrees was found to be acceptable with little degradation of
performance.
The measurement error studies were carried out with the odd-angle wire at a nominal angle of 45
10
 20
 21
 22
 23
 24
 25
 26
 27
 28
 29
 0  2  4  6  8  10  12
V
er
tic
al
 N
or
m
al
iz
ed
 P
ro
jec
ted
 Em
itta
nc
e
% error on laser wire measurement <xx>, <yy> and <uu>
RTML: 1-1 then skew with wire scanner error 20070103
Skew
Skew 90%
Figure 12: The effect of wire scanner resolution on coupling correction.
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Figure 13: The effect of wire scanner tilt errors on coupling correction.
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degrees and without normalizing the wire scanner measurement. The normalized coupling parameter is
equal to
r =
< xy >
σxσy
. (16)
The normalization step was not found to effect the performance of the coupling correction.
A separate study has been performed that investigated the optimum angle of the off-axis wire [2].
This analysis was performed for the normalized coupling parameter. It will be repeated here but for the
non-normalized coupling parameter to see if a similar result is obtained or if the normalization has a
effect on the results.
We start with equation 15 for the calculation of < xy >,
< xy >= σ12xy =
σ11uv − σ
11
xy cos
2 θ − σ22xy sin
2 θ
2 sin θ cos θ
. (15)
We want to find the optimum odd-angle wire scanner angle. This can be found by propagating the error
on each measurement through to 〈xy〉.
δ2<xy> =
(
∂ < xy >
∂σu
)2
δ2σu +
(
∂ < xy >
∂σx
)2
δ2σx +
(
∂ < xy >
∂σy
)2
δ2σy (17)
where σu = σ
11
uv , σu = σ
11
xy and σy = σ
22
xy. We now assume that the measurement errors are a simple scale
relation to the absolute wire measurement, δσu = fσu, δσx = fσx and δσy = fσy (i.e. a 2% error on the
measurement) and get
δ2<xy> =
(
f
2
)2 [( σu
sin θ cos θ
)2
+ (σx cot θ)
2
+ (σy tan θ)
2
]
. (18)
The error is dependent on 〈xy〉 itself because σu is a function of 〈xy〉 as shown in equation 14. This
dependence can be eliminated if equation 18 is evaluated at 〈xy〉 = 0. This is justified because we wish
to zero the coupling so zero is the nominal value we wish to obtain (the error in the analysis goes to zero
as < xy > = 0). Performing this simplification and setting
σ2u = σ
2
x cos
2 θ + σ2y sin
2 θ (19)
in equation 15 we get for equation 18
δ2<xy> =
(
f
2
)2 [
σ2x
1 + cos2 θ
sin2 θ
+ σ2y
1 + sin2 θ
cos2 θ
]
. (20)
Setting the derivative of this to zero gives an extrema of
∂δ2<xy>
∂θ
= 0 ⇒ θ = arctana (21)
where a = σx
σy
. The second derivative is a sum of squares and is always positive so this solution must
be a minimum. This is the same function as found by Emma [2] so the solution is independent of the
normalization of the coupling parameter. For the RTML lattice used in the above studies, σx ≈ 50
microns and σy ≈ 3 microns so a ≈ 16.7 and the optimum angle for the odd-angle wire is
θ = arctan 16.7 = 86.6 degrees. (22)
With a 87 degree angle to the u axis, the wire is just 3.4 degrees away from the horizontal axis.
6 Conclusions
The results presented in this report shows that a coupling correction station located directly next to an
emittance diagnostic station is very effective in decoupling the beam. However, the system was found
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to require the measurement of the coupling parameters (〈xy〉) at each wire scanner station. Optimizing
off of the vertical beam size at each station was not effective. It has been suggested [11] that optimizing
off of the vertical emittance can be more effective than the vertical beam size. Further studies should
investigate this. Nevertheless, the ideal situation may be to measure the actual coupling parameters.
This has been found to be the case in the Beam Delivery System [8, 9]. The angle of the off-axis wire in
the above studies was not at the optimum angle. The sensitivities to wire tilt and resolution errors are
expected to improve if the ideal angle is used.
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